. Molecular mechanisms mediating preconditioning following chronic ischemia differ from those in classical second window. Am J Physiol Heart Circ Physiol 299: H752-H762, 2010. First published June 25, 2010; doi:10.1152/ajpheart.00147.2010.-A major difference between experimental ischemic preconditioning (IPC), induced by brief ischemic episodes, and the clinical situation is that patients generally have repetitive episodes of ischemia. We used a swine model to examine differences in genes regulated by classical secondwindow IPC (SWOP) [two 10-min episodes of coronary artery occlusion (CAO) followed by 24 h reperfusion] compared with repetitive CAO/reperfusion (RCO), i.e., two 10-min CAO 12 h apart, and to repetitive coronary stenosis (RCS), six episodes of 90 min coronary stenosis 12 h apart (n ϭ 5/group). All three models reduced infarct size by 60 -85%, which was mediated by nitric oxide in SWOP but not in the other two models. We employed microarray analyses to discover additional molecular pathways intrinsic to models of repetitive ischemia and different from classical SWOP. There was an 85% homology in gene response between the RCO and RCS models, whereas SWOP was qualitatively different. Both RCO and RCS, but not SWOP, showed downregulation of genes encoding proteins involved in oxidative metabolism and upregulation of genes involved in protein synthesis, unfolded protein response, autophagy, heat shock response, protein secretion, and an activation of the NF-B signaling pathway. Therefore, the regulated genes mediating IPC with repetitive ischemia differ radically from SWOP both quantitatively and qualitatively, showing that a repetitive pattern of ischemia, rather than the difference between no-flow vs. low-flow ischemia, dictates the genomic response of the heart. These findings illustrate new cardioprotective mechanisms developed by repetitive IPC, which are potentially more relevant to patients with chronic ischemic heart disease, who are subjected to repetitive episodes of ischemia. coronary occlusion; gene expression; myocardial infarction; ischemia; preconditioning ISCHEMIC PRECONDITIONING (IPC) is the "gold standard" of cardiac cell survival because it is the most powerful mechanism for cardioprotection (16). The first window of IPC confers protection for 1-2 h after ischemia (17), whereas the second window of IPC (SWOP) (12, 14) confers protection during the 24 -72 h that follow the preconditioning stimulus (28). The SWOP involves changes in gene expression, including cyclooxygenase-2 and the inducible isoform of nitric oxide (NO) synthase (iNOS) (2, 29). Despite the intense investigation of the mechanisms of IPC and the demonstrated power of the cardioprotection it confers, the clinical translation of IPC remains limited. One possibility to explain this limitation is that IPC is classically induced by brief periods of coronary artery occlusion (CAO)/reperfusion within an hour, whereas patients with ischemic heart disease frequently experience repetitive episodes of ischemia that can result in hibernating myocardium (25). We developed a swine model of repetitive episodes of low-flow coronary stenosis [repetitive coronary stenosis (RCS)], which reproduces the conditions of transient and repeated ischemic episodes found in patients with ischemic heart disease (10, 22) . This model demonstrated that a repetitive pattern of ischemia provides IPC at least equal to the SWOP, but through radically different mechanisms (22). First, in contrast to SWOP, the protection conferred by RCS was independent from NO production (22). Second, RCS elicited a genomic response dramatically different from SWOP. In particular, RCS but not SWOP displayed an activation of genes involved in autophagy and endoplasmic reticulum stress, as well as a downregulation of genes involved in mitochondrial oxidative metabolism (22).
cardioprotection it confers, the clinical translation of IPC remains limited. One possibility to explain this limitation is that IPC is classically induced by brief periods of coronary artery occlusion (CAO)/reperfusion within an hour, whereas patients with ischemic heart disease frequently experience repetitive episodes of ischemia that can result in hibernating myocardium (25) . We developed a swine model of repetitive episodes of low-flow coronary stenosis [repetitive coronary stenosis (RCS)], which reproduces the conditions of transient and repeated ischemic episodes found in patients with ischemic heart disease (10, 22) . This model demonstrated that a repetitive pattern of ischemia provides IPC at least equal to the SWOP, but through radically different mechanisms (22) . First, in contrast to SWOP, the protection conferred by RCS was independent from NO production (22) . Second, RCS elicited a genomic response dramatically different from SWOP. In particular, RCS but not SWOP displayed an activation of genes involved in autophagy and endoplasmic reticulum stress, as well as a downregulation of genes involved in mitochondrial oxidative metabolism (22) .
It is conceivable that the difference in mechanisms between SWOP and RCS may not be due simply to single episode vs. repetitive ischemia, but also to the fact that SWOP is induced by total CAO, whereas RCS does not involve total CAO. The goal of the present study was to compare DNA microarray results from a model of repetitive episodes of complete CAO (RCO) with the SWOP and RCS models. Our results clearly indicate that the repetitive pattern of ischemia, rather than the difference between no-flow vs. low-flow ischemia, dictates the genomic response of the heart. The molecular mechanisms mediating these models of repetitive ischemia improve our understanding of the cardiac survival mechanisms activated in conditions reproducing the clinical setting.
MATERIALS AND METHODS
Animal models. All protocols concerning animal use were approved by the Institutional Animal Care and Use Committee at the New Jersey Medical School. All of the investigations conformed to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health. All experiments were conducted in the conscious state after the pigs fully recovered from surgery, as reported previously (22) . The different experimental protocols are shown in Fig. 1A . Classical SWOP was induced by two 10-min episodes of CAO followed by 24 h reperfusion. RCO was induced by six episodes of SWOP 12 h apart. RCS was induced by six episodes of 90 min coronary stenosis 12 h apart. In the latter model, coronary blood flow was reduced to 55-65% of baseline, and this reduction was maintained stable under the control of a flow probe, as before (10, 22) .
After this protocol, two procedures were applied on different pigs, one for microarray analysis and one for measurement of infarct size (Fig. 1A) . For the genomic analysis by microarrays, tissue samples were harvested from the hearts of pigs (n ϭ 5/group) obtained 24 h after the preconditioning stimulus for the SWOP model, and at 1 h following the completion of the RCO and RCS protocols (22) . Non-IPC samples were obtained from sham-operated animals. For measurement of infarct size, CAO was performed for 60 min in additional pigs (n ϭ 5/group), 24 h after the preconditioning stimulus in the SWOP model or 1 h after the last stimulus in the models of RCO and RCS (Fig. 1A) . This episode of lethal ischemia was followed by 4 days of reperfusion (Fig. 1A) , after which infarct size was determined by triphenyltetrazolium staining and reported as a percentage of the area-at-risk (10, 22) . NO blockade (n ϭ 4/group) was performed by intravenous administration of 35 mg/kg N-nitro-L-arginine (L-NNA) 1 h before CAO (22) . No mortality and no episode of fatal arrhythmia were observed in any experimental group.
Microarray data analysis. cDNA synthesis (SuperScript; Invitrogen) was performed from 10 g total RNA with a T7-oligo(24)dT primer. The DNA was transcribed into biotin-labeled RNA (Bioarray RNA Labeling Kit, ENZO) and hybridized on the Porcine Genome Array (Affymetrix), which contains 23,256 probe sets targeting 20,201 genes of Sus Scrofa. Samples obtained from each pig heart were processed and analyzed individually. Human genes were used to annotate the porcine array (23) . Gene ontology (GO) annotations for genes were obtained from the NCBI Gene database (1) . The microarray data were normalized using the Robust Multichip Average method. We discarded probe sets that did not have signals above background in Ͼ75% of the arrays for all samples using the Af- Table 1 . Total number of genes regulated in the three models Up  Down  Total   SWOP  1,745  550  2,295  RCO  1,176  867  2,043  RCS  3,055  2,028  5,083 SWOP, second window of ischemic preconditioning; RCO, repetitive coronary occlusion; RCS, repetitive coronary stenosis. fymetrix MAS5 present/absent calls. The Significance Analysis of Microarrays program was used to select probe sets that have differential signals between comparing groups. A false discovery rate of ϳ5% and a median fold change Ͼ1.2 were used as the selection criteria for differential expression. GO entries were tested for bias for up-and downregulation of expression using the hypergeometric data distribution as described previously (21) . For each GO entry, the significance score was calculated by taking Ϫlog 10(P value) for upregulation or log10(P value) for downregulation. The redundant GO terms were removed by comparing the overlapped portion between gene sets. Microarray data are available in the GEO repository under accession number GSE21096.
Immunoblotting. Protein extracts were prepared from the left ventricle using an extraction buffer (pH 7.4) containing 20 mM Tris·HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphate, and 1 mM ␤-glycerophosphate supplemented with 5 g/ml protease inhibitor cocktail. Protein concentration was determined by the method of Bradford (Bio-Rad). Proteins were separated by SDS-PAGE, transferred to a nitrocellulose membrane, and detected with specific antibodies against the secreted frizzled-related protein 2 (sfrp-2; Abcam) and the heat shock 70-kDa protein A6 (Hsp70BC´; ProteinTech). Western blotting for glyceraldehyde-3-phosphate dehydrogenase was used to verify equal protein loading of the blots. Primary antibodies were used according to the manufacturer's instructions at a 1:1,000 dilution. The blots were incubated with horseradish peroxidase-labeled secondary antibodies. Immunoreactive bands were detected with chemiluminescence (ECL; Perkin-Elmer Life Sciences). The intensities of the resulting bands were quantified by Quantity One software on a GS-800 densitometer (Bio-Rad).
Quantitative PCR. Total RNA was extracted by phenol-chloroform extraction (4) from samples of each pig heart. For each measurement, the mRNA of interest was reverse-transcribed from 60 ng of total RNA with the TaqMan RT kit (Applied Biosystems) and used for quantitative PCR (qPCR; 40 cycles of a 10-s step at 95°C and a 1-min step at 60°C) using the SybrGreen PCR mix (Applied Biosystems) on a 7300 ABI-Prizm Sequence Detector (Applied Biosystems). Due to the variation in loading, transcripts were reported to cyclophilin, used as a housekeeping gene (6) .
Statistical analysis. Results are shown as means Ϯ SE for the number of samples indicated in the legends for Figs. 1-7. ANOVA with Bonferroni post hoc correction was used for analysis of more than two groups. A value of P Ͻ 0.05 was considered as significant. Student's t-test was used to select up-and downregulated genes (P Ͻ 0.05 and fold change Ͼ1.2). Figure 1A shows the experimental protocol for each model. In Fig. 1B , we report the infarct size, as a percentage of the area-at-risk, in the three models compared with control hearts (n ϭ 5/group), as well as the response to NO blockade with L-NNA (n ϭ 4/group). Briefly, the reduction in infarct size following 60 min CAO and 4 days reperfusion was ϳ62% in the SWOP model, 67% in the RCO model, and 84% in the RCS model (all values, P Ͻ 0.05 compared with CAO without IPC; Fig. 1B) . Importantly, the cardioprotection in the SWOP model was NO-dependent, whereas it was NO-independent in the models of RCO and RCS (Fig. 1B) .
RESULTS

Characteristics of the three models.
Comparison of the global pattern of gene expression. Total RNA was extracted and prepared as described in MATERIALS AND METHODS from five individual pig hearts per group for hybridization to pig microarrays, on which 23,256 genes are represented. Table 1 shows the total number of genes with a significant regulation in each model compared with control samples. The RCS model showed the greatest number of genes regulated, more than double the amount of genes regulated in the SWOP model (Table 1) . This is consistent with our prior study (22) ; however, the numbers are not exactly identical between both studies, since a different analysis was employed in the current investigation to include the RCO model. We had not previously examined the RCO model, which is a major component of the current study. Interestingly, the number of genes regulated in the RCO model was less than with repetitive RCS, and relatively equivalent to SWOP. Figure 2 shows the global comparison of gene expression among the three models by Venn diagrams and by quantification of similarities. Clearly, the RCO model showed much more similarity in gene expression profile with RCS than with the SWOP (Fig. 2A) . For example, 86% of all the upregulated genes and 72% of all the downregulated genes in the RCO model were shared with the RCS model, whereas these ratios Genes in bold are shared with Table 4 .
were only 43 and 18%, respectively, when comparing RCO with the SWOP (Fig. 2B) . When regrouping the genes on a scatter plot, the Pearson correlation coefficient was 0.78 between RCO and RCS, whereas it was only 0.45 between RCO and SWOP and 0.38 between RCS and SWOP (Fig. 3) . Identity of the regulated genes. The identity of the individual genes regulated in the three models was further investigated. Tables 2, 3 , and 4 show the 20 genes with the most significant change in expression, either upregulation or downregulation, in the three models of SWOP, RCO, and RCS, respectively. Remarkably, among these 40 genes, 14 of them (10 upregulated and 4 downregulated) were shared between RCO and RCS, whereas only four genes were shared between RCS and SWOP. These shared genes are highlighted in Tables 2 and 3 . In addition, only five genes were shared between RCO and SWOP. These results demonstrate that, in addition to the large similarity in the global pattern of gene regulation ( Figs. 1 and 2 ), the models of RCO and RCS also share the most significant regulation of specific genes. Among these shared genes, several of them correspond to secreted proteins (such as the sfrp-2 and the secreted phosphoprotein 1). These secreted proteins can activate autocrine/paracrine mechanisms and might thereby play a role in the phenomenon of remote preconditioning. The complete list of genes regulated in the three models is available from the GEO repository (see MATERIALS AND METHODS).
Validation of the microarrays. Validation of the microarrays shown on Fig. 4 was performed by qPCR, normalized per cyclophilin transcript, in frozen samples from swine hearts subjected to each of the three protocols and compared with sham-operated animals for specific target genes showing significant change in expression in any of the three groups studied (Tables 2-4). For most of the validated genes, the expression profile measured by qPCR followed the one found by microarrays, with few exceptions. For example, thrombospondin 4 showed a significant upregulation in the SWOP group, in agreement with the microarray data ( Table 2 ), but not in the RCO group, at the opposite of the regulation shown in Table 3 , and was significantly downregulated in the RCS model ( Genes in bold are shared with Table 4. 4). Although the global profile was very similar between microarrays and qPCR, the quantitative fold change in expression showed some differences, possibly because of the different sensitivity of both techniques. We further validated the expression of the genes showing the most important regulation in RCO and RCS by both qPCR and by Western blotting (normalized by glucose-6-phosphate dehydrogenase), as shown in Fig. 5 . The transcript level of both the sfrp-2 and Hsp70BC´were significantly upregulated in both models of RCO and RCS but not in SWOP, in agreement with the microarray data (Fig. 5) . However, the extent of upregulation of these transcripts was very different between both models, with a 2-to 3-fold increase in RCO compared with a 40-to 60-fold increase in RCS (Fig. 5) . The expression of the corresponding proteins increased to the same extent as the transcripts in the RCO model (Fig. 5) . However, the increased protein abundance of sfrp-2 and Hsp70BC´in the RCS model was about fivefold, which is 10 times less than the increased concentration of the corresponding transcripts (Fig.   5 ), suggesting the possibility of defects in posttranscriptional mechanisms in the RCS condition.
Comparison by GO. It is also our hypothesis that the nature of the preconditioning stimulus will dictate the amplitude of the gene response. To address that hypothesis, we compared by cluster analysis all of the genes showing a significant regulation in the three models, as shown in Fig. 6 . This cluster analysis confirmed that, for a vast majority of genes, the regulation of expression found in the RCO model was intermediate between that found in SWOP and in RCS models (Fig.  6 ). This analysis also showed that the RCS and SWOP models actually show a reciprocal pattern of regulation for many genes (Fig. 6) .
To further characterize these differences, all of the genes regulated in the three models were regrouped by GO based on biological processes (Fig. 6) . Out of the 38 GO categories showing a significant regulation in the three models, 68% of GO terms presented a pattern of "progressive regulation" in which the amplitude of change in gene expression (either upregulation or downregulation) progressively increased when comparing SWOP, RCO, and RCS (Fig. 6 ). In particular, out of the 20 GO groups showing the most significant regulation in the RCS model (either up-or downregulation), 80% of them reproduced this progressive pattern. Clustering the genes by GO (Fig. 6 ) also revealed that, in the RCO and RCS models but not in the SWOP, the categories showing the most significant downregulation mainly involve the genes participating in oxidative reduction, whereas the most significantly upregulated GO categories involve genes participating in protein turnover (folding, polymerization, elongation, transport, unfolded protein response) and in signal transduction (in particular, the NF-B signaling pathway). Interestingly, the upregulation of the GO category participating in vesicle-mediated protein transport (Fig. 6 ) correlates with the upregulation of genes encoding secreted proteins, as shown above. Similarly, the upregulation of the category involved in vacuole organization and biogenesis correlates with the activation of the cytoprotective mechanism of autophagy, which we described previously in the model of RCS (27) .
We further considered all the individual genes regrouped by GO analysis in Fig. 6 . Individually, 65% of all these genes (i.e., 805 individual genes out of 1,245) followed this progressive pattern of regulation in which the RCO model was intermediate between SWOP and RCS (Fig. 7) . Reciprocally, only 5% of the genes showed a regulation that was more important in the model of SWOP compared with both RCO and RCS, whereas only 6% of genes were regulated in RCS and RCO more than in SWOP (Fig. 7) . Therefore, the vast majority of genes regulated in the three models show a pattern of regulation that reproduces the intensity of the ischemic stimulus, i.e., the lowest amplitude of changes in the SWOP group and the highest in the RCS group, with RCO in between. This progressive pattern may help explain why several genomic mechanisms are activated in the "repetitive" models but not in the SWOP. Table 5 shows the identity of the 20 genes showing the most significant regulation (either upregulation or downregulation) among all the genes sharing this progressive pattern of regulation.
DISCUSSION
Having observed major differences in the molecular mechanisms mediating preconditioning induced by classical SWOP vs. RCS (22) , the question arises as to whether these differences were due to differences between complete CAO used for SWOP vs. coronary stenosis used for repetitive ischemia, or due to differences resulting from the repetitive pattern of ischemia. The main finding of our study is that the signature of the adaptation of gene expression in response to coronary blood flow reduction is largely dictated by the repetitive pattern of ischemia rather than by the difference between CAO and stenosis. This conclusion is based on the fact that the preconditioning stimulus is exactly the same in both SWOP and RCO models (two cycles of 10 min CAO and 10 min coronary artery reperfusion), yet the RCO model is by far closer to RCS than to SWOP in terms of gene expression. This demonstrates that the repetitive pattern of coronary blood flow reduction, rather than the ischemic stimulus itself, plays a major role in the adaptation of gene expression in the ischemic heart. Therefore, Fig. 6 . Gene ontology (GO) analysis. Genes regulated in the three models were regrouped by GO based on biological processes. Thirty eight GO categories showed a significant regulation in the three models, among which 68% presented a pattern of "progressive regulation" between SWOP, RCO, and RCS. The significance of association was statistically assessed using the hypergeometric test. The color intensity of each cell represents the level of GO association with a group of up/downregulated genes. As shown in the color scale, GO association with upregulated genes was marked by red, and that with downregulated genes was marked by green.
the results from the current investigation show that the importance of a repetitive pattern of ischemia supersedes the importance of a quantitative difference in blood flow reduction between a model where coronary blood flow is totally interrupted (RCO) and a model in which coronary blood flow is partially reduced (RCS).
Our experiments also show that the models of RCO and RCS display several specific mechanisms of cytoprotection that are not activated in SWOP, in addition to the differences due to NO protection discussed earlier. There are five groups of molecular mechanisms that differ from SWOP: autophagy, secreted proteins, heat shock proteins (Hsps), NF-B signaling, and mitochondrial respiration.
The first of these mechanisms, which we described before (26, 27) , is autophagy. Autophagy is a mechanism by which the cell under stress may remove dysfunctional intracellular components, such as protein aggregates or damaged mitochondria, and its cytoprotective effects have been demonstrated both in vitro and in vivo (8, 9) . The activation of autophagy at the gene level is confirmed in our study by the GO analysis showing an upregulation of genes participating in vacuole biogenesis (Fig. 5) .
A second mechanism illustrated by the individual gene analysis (Tables 3 and 4) is the increased production of secreted proteins. Among them, the major upregulation of the sfrp-2 is of particular importance, since this protein was shown recently to mediate the cytoprotective effects of mesenchymal stem cells on the ischemic heart (13). sfrp-2 is produced downstream of the survival kinase Akt (15) and restores cardiac cell survival by interfering with the Wnt signaling pathway (5, 30) . However, the signaling mechanisms of sfrp-2 in the myocardium and the mechanisms controlling its production and release remain largely unknown. Our models of RCO and RCS in the swine are the first to describe an upregulation of sfrp-2 in the ischemic heart in vivo. This represents a potentially novel signaling mechanism of cardiac cell survival in response to repetitive myocardial ischemia, since it is not activated in the SWOP model.
A third mechanism, also found from the individual gene analysis (Tables 3 and 4) , is the activation of specific Hsps. As shown in our study, both the RCO and RCS models are characterized by an increased gene expression of specific Hsps, in particular Hsp70BC´. This isoform is particularly interesting because it is strictly induced by cytotoxic stress (19) , it promotes cell survival, and it is expressed predominantly in large mammals (18) . As for sfrp-2, the upregulation of Hsp70BCŕ esponds specifically to repetitive ischemia and is not activated by SWOP. Although it is most likely involved in cardiac cell survival, the exact role of Hsp70BC´in myocardium remains totally unknown at this point.
A fourth mechanism illustrated by the GO analysis (Fig. 5 ) is the upregulation of the NF-B signaling pathway, which is much more prevalent in RCO and RCS than in SWOP. Although NF-B is involved in the mechanisms of SWOP, especially in terms of increased expression of iNOS (3), it is possible that its further activation in the models of repetitive ischemia amplifies its mechanisms of cytoprotection. The paradox that iNOS expression is not affected in the RCS model (22) , despite the marked activation of the NF-B signaling pathway as shown here, remains to be elucidated.
A fifth mechanism of cardioprotection specific for the models of repetitive ischemia is the marked downregulation of the expression of genes encoding enzymes of mitochondrial oxidation and respiration, as shown in the GO analysis (Fig. 5) . This observation has been correlated previously at the protein level (20, 22) . Although a decrease in oxidative metabolism may, at first, seem to be deleterious for the contractile heart, it could provide cytoprotection by decreasing the generation of reactive oxygen species (ROS) from mitochondria. Also, the models of RCO and RCS are characterized by a loss in regional contractile function ("chronic stunning"), which thereby decreases energy needs from oxidative metabolism. It has been proposed that the protection conferred by NO during the SWOP is also related to decreased activity of mitochondrial respiratory complexes, and thereby decreased generation of ROS (7) . The fact that mitochondrial function is affected at the gene level rather than by NO production may explain why the cardioprotection provided by the models of repetitive ischemia is NO independent.
Although very close from the human condition of ischemic heart disease, the pig model remains descriptive by essence, and further validation of these potential pathways of cell survival will require more mechanistic insight from genetically modified mouse models. It will also remain to be elucidated whether these protective mechanisms may also apply to the more recent concept of ischemic postcondition- Fig. 7 . Comparison of the pattern of gene expression among the three models. Sixty-five percent of the gene sets followed a progressive pattern of regulation in which the RCO model was intermediate between SWOP and RCS. Only 5% of the genes showed a regulation that was more important in the model of SWOP compared with both RCO and RCS, and only 6% of genes were regulated in RCS and RCO more than in SWOP.
ing (24) , which has probably more relevance on a clinical point-of-view than IPC because of the impossibility to predict the occurrence of potentially lethal ischemia in patients (11) .
In conclusion, our observations demonstrate that the models of repetitive CAO and stenosis develop mechanisms of cardioprotection radically different from those developed by classical models of SWOP. These models differ, not only in terms of dependence of NO, i.e., upregulation of NO was central to mediating SWOP, but not RCS and RCO, but also in both quantitative and qualitative differences in genes regulated by classical SWOP vs. the two models of repetitive ischemia. In particular, RCS and RCO activate several mechanisms of cell survival that remain dormant in the classical conditions of SWOP. Considering that patients with ischemic heart disease are typically exposed to repetitive bouts of ischemia-reperfusion, our findings are clinically relevant and may be helpful in translating experimental data on cardioprotection to patients.
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